Cell suspensions of methane-utilizing bacteria grown on methane oxidized nalkanes (propane, butane, pentane, hexane) to their corresponding methylketones (acetone, 2-butanone, 2-pentanone, 2-hexanone). The product methylketones accumulated extracellularly. The rate of production of methylketones varied with the organism used for oxidation; however, the average rate of acetone, 2-butanone, 2-pentanone, and 2-hexanone production was 1.2, 1.0, 0.15, and 0.025 ,umol/h per 5.0 mg of protein in cell suspensions. Primary alcohols and aldehydes were also detected in low amounts as products of n-alkane (propane and butane) oxidation, but were rapidly metabolized further by cell suspensions. The optimal conditions for in vivo methylketone formation from n-alkanes were compared in Methylococcus capsulatus (Texas strain), Methylosinus sp. (CRL-15), and Methylobacterium sp. . The rate of acetone and 2-butanone production was linear for the first 60 min of incubation and directly increased with cell concentration up to 10 mg of protein per ml for all three cultures tested. The optimal temperatures for the production of acetone and 2-butanone were 35°C for Methylosinus trichosporium sp. (CRL-15) and Methylobacterium sp. (CRL-26) and 400C for Methylococcus capsulatus (Texas). Metal-chelating agents inhibited the production of methylketones, suggesting the involvement of a metal-containing enzymatic system in the oxidation of n-alkanes to the corresponding methylketones. The soluble crude extracts derived from methane-utilizing bacteria contained an oxidized nicotinamide adenine dinucleotide-dependent dehydrogenase which catalyzed the oxidation of secondary alcohols.
5.0 mg of protein in cell suspensions. Primary alcohols and aldehydes were also detected in low amounts as products of n-alkane (propane and butane) oxidation, but were rapidly metabolized further by cell suspensions. The optimal conditions for in vivo methylketone formation from n-alkanes were compared in Methylococcus capsulatus (Texas strain), Methylosinus sp. (CRL-15), and Methylobacterium sp. (CRL-26). The rate of acetone and 2-butanone production was linear for the first 60 min of incubation and directly increased with cell concentration up to 10 mg of protein per ml for all three cultures tested. The optimal temperatures for the production of acetone and 2-butanone were 35°C for Methylosinus trichosporium sp. (CRL-15) and Methylobacterium sp. (CRL-26) and 400C for Methylococcus capsulatus (Texas). Metal-chelating agents inhibited the production of methylketones, suggesting the involvement of a metal-containing enzymatic system in the oxidation of n-alkanes to the corresponding methylketones. The soluble crude extracts derived from methane-utilizing bacteria contained an oxidized nicotinamide adenine dinucleotide-dependent dehydrogenase which catalyzed the oxidation of secondary alcohols.
In the companion paper (14), we described the production of secondary alcohols from their corresponding n-alkanes by cell suspensions of methane-utilizing bacteria. We also demonstrated that particulate fractions derived from methane-utilizing bacteria catalyzed the hydroxylation of n-alkanes in the presence of reduced nicotinamide adenine dinucleotide (NADH) as a cofactor. Both primary and secondary alcohols were detected as the products of n-alkane oxidation.
In this report, we describe the production of methylketones from their corresponding n-alkanes by cell suspensions of various known strains as well as newly discovered strains of the obligate and facultative methane-utilizing bacteria. The effects of various environmental factors on the production of methylketones from nalkanes by cell suspensions of three distinct groups of methane-utilizing bacteria were investigated.
We 
RESULTS
Production of methylketones by methane-utilizing bacteria. Cell suspensions of various obligate and facultative methane-utilizing bacteria grown on methane catalyzed the oxidation n-alkanes to the corresponding methylketones. The product methylketones were estimated by gas chromatography retention time comparison and cochromatography with authentic standards. The rates of conversion of nalkanes (propane and butane) to the corresponding methylketones (acetone and 2-butanone) by cell suspensions of some newly isolated strains of Whittenbury et al. (18) are shown in Table 1 . The product methylketones accumulated extracellularly. The rates of production of methylketones varied among the various methane-utilizing bacteria. However, the average rates of acetone, 2-butanone, 2-pentanone, and 2-hexanone production were 1.2, 1.0, 0.15, and 0.025 ,umol/h per 5.0 mg of protein in cell suspensions. The oxidation of n-alkanes was not catalyzed under anaerobic conditions. Primary alcohols and aldehydes were also detected in low amounts as products of n-alkane oxidation (e.g., propane and butane), but were rapdily metabolized further by cell suspensions. Secondary alcohols were detected as intermediates during oxidation of n-alkenes to the corresponding methylketones as described in the accompanying paper (14) . Cell suspensions of methylotrophic organisms oxidized secondary alcohols to the corresponding methylketones.
We selected representatives of three distinct groups of methyltrophic organisms to analyze Time course of methylketone production. The oxidation of n-propane and n-butane to acetone and 2-butanone, respectively, by cell suspensions of the three representative organisms was linear during the first 60 min ( Fig. 1  and 2 ). The rate of production of acetone and 2-butanone decreased upon further incubation. The reactions were carried out in 50 mM phosphate buffer, pH 7.0, at 300C in a rotary water bath shaker. Heat-killed cell suspensions of each organism did not catalyze the oxidation of nalkanes to methylketones.
Effect of cell concentration on methylketone production. The rate of production of acetone and 2-butanone was linear with cell protein concentration from 1 to 8 mg of cell protein per ml. With increasing cell protein concentrations, the rate of production of acetone and 2-butanone decreased ( Fig. 3 and 4) . The reactions were carried out in 50 mM phosphate Effect of cell mass (protein) concentration on the production of acetone from oxidation of npropane by cell suspensions of methylotrophs. The products were identified and estimated by gas chromatography as described in Materials and Methods. Symbols are as in Fig. 1. buffer, pH 7.0, at 30°C on a rotary water bath shaker.
Effect of temperature and pH on methylketone production. The optimal temperature for the production of acetone and 2-butanone by cell and Methylobacterium sp. (CRL-26) was found to be around 350C. Upon increasing the temperature to 400C, the rate of production of methylketones from oxidation of n-alkanes decreased. In the case of Methylococcus capsulatus (Texas), the optimal temperature for the production of methylketones was found to be around 400C (Fig. 5 and 6 ).
The optimal pH for the production of acetone and 2-butanone from the oxidation of n-propane and n-butane, respectively, by cell suspensions of Methylococcus capsulatus (Texas), Methylosinus sp. (CRL-15), and Methylobacterium sp. (CRL-26) was found to be around 7.0 (Fig. 7 and   8 ).
Inhibition studies. It was reported earlier that the oxidation of methane by cell suspensions of methylotrophs was inhibited by various metal-binding agents (11, 15) . We examined the effect of metal-binding agents on the oxidation of n-propane and n-butane by various methylotrophs. Metal-binding agents such as a,a-bipyridyl, 1,10-phenanthroline, thiosemicarbazide, thiourea, and imidazole inhibited the oxidation of n-propane and n-butane to the corresponding methylketones by cell suspensions of Methylosinus sp. (CRL-15) ( Table 2) . Similar results were obtained with cell suspensions of Methylococcus capsulatus (Texas) and Methylobacterium sp. (CRL-26) . This suggests the involvement of metal ion(s) in the oxidations of nalkanes.
Substrate specificity. The substrate specificity for the oxidation of various n-alkanes was examined in cell suspensions of the three orga- ,a -nisms. Among n-alkanes, propane and butane were oxidized at higher rates than pentane and hexane. The products of oxidation of n-alkanes were identified as the corresponding methylketones by gas chromatography retention time *// \\.\ comparison and cochromatography with au-* / \y \ thentic standards (Table 3) . . \\\ Substrate competition experiments. The \ question of whether a methane monooxygenase that catalyzes the oxidation of methane in methylotrophs is involved in the oxidation of n-propane or n-butane was examined further by substrate competition experiments. The experiment consisted of determining the effect of methane on the production of acetone and 2-butanone from n-propane and n-butane, respectively. There was a twofold reduction in the amount of acetone and 2-butanone produced by cell sus-I I 1 Cell-free system. In the companion paper (14), we demonstrated that the particulate fractions derived from various methane-grown bacteria catalyzed an NADH-dependent hydroxylation of propane and butane. Both primary and secondary alcohols were detected as the products of n-alkane oxidation.
The soluble crude extracts derived from various methane-utilizing bacteria grown on methane catalyzed an NAD+-dependent dehydrogenation of secondary alcohols (C3 to C6) to the corresponding methylketones. Primary alcohols were not oxidized by the NAD+-linked secondary alcohol dehydrogenase. The rates of oxidation of 2-butanol with crude extracts of various organisms are shown in the Table 5. DISCUSSION By using a cooxidation technique, Leadbetter and Foster (5, 6) first reported the production of methylketones from n-alkanes during growth of Pseudomonas methanica on methane.
In this report we demonstrate the oxidation of n-alkanes to the corresponding methylketones directly by using washed-cell suspensions of various methylotrophic bacteria. The production of methylketones was observed only with cells that had been grown on methane. Methanol-grown cells did not oxidize n-alkanes.
Primary alcohols and aldehydes are oxidized rapidly by cell suspensions of methane-utilizing bacteria (8, 9, 11) and hence are not accumulated in high levels. Methane-utilizing organisms generally contain a methanol dehydrogenase (8, 9) which catalyzes the oxidation of primary alcohols. Secondary alcohols are not oxidized by methanol dehydrogenase. Oxidation of aldehydes is catalyzed by an aldehyde dehydrogenase (10, 11) . Secondary alcohols have been detected as intermediates during n-alkane oxidation (14) . We have also demonstrated that cell suspensions of methylotrophic organisms grown on methane or methanol catalyze the oxidation of secondary alcohols to the corresponding methylketones (4, 12) . The soluble crude extracts derived from various methane-utilizing bacteria contain an NAD+-linked secondary alcohol dehydrogenase as described previously (4, 12) and in this report. Primary alcohols are not oxidized by secondary alcohol dehydrogenase.
The soluble methane monooxygenase (1) for Methylococcus capsulatus (Bath) catalyzes the NADH-and oxygen-dependent oxidation of various n-alkanes (C2 to C8). Both primary and secondary alcohols are produced from n-alkanes.
Unlike Methylococcus capsulatus (Bath), it has been reported that Methylosinus trichosporium (OB3b) (17) , Methylococcus capsulatus (Texas) (15) , and Methylomonas methanica (2) contain particulate methane monooxygenase activity which catalyzes the oxidation of n-alkanes. We have demonstrated the hydroxylation of n-alkanes to the corresponding alcohols (primary and secondary) in a cell-free system derived from methane-utilizing organisms (13) .
The oxidation of n-alkanes to the corresponding methylketones was inhibited by metal-binding agents. These results suggest that the oxidation of methane and of other n-alkanes may be catalyzed by a metal-containing methane monooxygenase. The inhibition of oxidation of n-alkanes to the corresponding methylketones in the presence of methane suggests this possibility.
Recently, Thompson et al. (16) reported the production of acetone during the oxidation of ethane by cell suspensions of the methane-utilizing bacterium Methylosinus trichosporium (OB3b). The acetone production occurred by a different mechanism (via 3-hydroxybutyrate and acetoacetate) from that proposed here.
